Abstract. Lipid-laden foam cells were considered to be targets for therapeutic intervention in atherosclerosis. Several studies proposed new approaches to alter both lipid accumulation and inflammatory responses in macrophages. Finding anti-inflammatory signals during foam cell formation would provide new valid targets for anti-atherosclerotic treatment. The aim of the present study was to see whether oxidized low-density lipoprotein (ox-LDL) can active heme oxygenase (HO)-1 expression level in a human monocyte line, U937 cells, associated with the increase of cytokine secretion. We used hemin (HO-1 activator) and zinc protoporphyrin IX (ZnPP IX, HO-1 inhibitor) to determine the effect of HO-1 on the regulation of cytokine expressions. The results showed that hemin can significantly decrease pro-inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α levels, while enhancing IL-10 production in a dose-dependent manner in U937 foam cells. ZnPP IX did not significantly affect cytokine levels in foam cells. Our present results suggested that HO-1 is an important antiinflammatory therapeutic target through inhibiting pro-inflammatory cytokines and enhancing anti-inflammatory cytokines for the management of atherogenesis.
Introduction
During both early and late atherosclerotic lesions, macrophage-derived foam cells, accumulating in the form of atherosclerotic plaques, are prodigious secretary cells that can produce a number of cytokines with the potential to either initiate or dampen immune responses (1 -3) . While there is ample evidence that pro-inflammatory cytokines and growth factors secreted from foam cells play a role in atherogenesis (4) , information regarding the potential role of anti-inflammatory factors is limited.
Heme oxygenase (HO) is a rate-limiting enzyme in heme catabolism, leading to the generation of biliverdin, free iron, and carbon monoxide (CO) (5, 6) . Three mammalian HO isoforms have been identified (7) , one of which, HO-1, is a stress-responsive protein induced by various oxidative agents (8 -10) . Previous studies also showed that HO-1 is expressed in human atherosclerotic lesions and in apolipoprotein E-deficient mice, acting in an anti-inflammatory and anti-apoptotic manner (11, 12) . Recent studies also focused on the anti-inflammatory role of CO derived from HO-1 in the mechanism of the therapeutic effects on atherosclerosis (13, 14) .
Hemin is a strong inducer of HO-1 expression in a variety of cell types both in vitro and in vivo. In this study we examined the regulatory effects of hemin on inflammatory reactions in a human monocyte line, U937 cells, associated with the increase of HO-1 levels, by using hemin (HO-1 activator, also strong inducer of HO-1 expression) and zinc protoporphyrin IX (ZnPP IX, HO-1 inhibitor) to determine the effect of HO-1 on the regulation of cytokine expressions including the pro-inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α, and the anti-inflammatory cytokine IL-10.
Materials and Methods

Reagents
The following reagents were obtained from the indicated commercial sources: hemin, CuSO 4 , and ethylenediamine tetraacetic acid disodium salt (Sigma, St. Louis, MO, USA); ZnPP IX (Calbiochem, La Jolla, CA, USA); human IL-1β, TNF-α, and IL-10 ELISA kit (R&D System Co., Minneapolis, MN, USA); and HO-1 rabbit anti-human antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Oxidized low-density lipoprotein (ox-LDL) preparation LDL (d = 1.019 to 1.063 kg / L, Sigma) was sterilized by filtration through 0.45-µm millipore membranes and stored at 4°C as described previously (15) . After ethylenediamine tetraacetic acid disodium salt was removed by dialysis, LDL was oxidized by incubation in 10 µmol / L CuSO 4 for 16 h at 37°C, and then dialyzed against phosphate-buffered saline (PBS) containing 0.1 mmol / L ethylenediamine tetraacetic acid disodium salt for 24 h at 4°C.
Cell culture
Human monocytic leukemic cell line U937 was obtained from the cell bank of the Shanghai Institute of Biological Sciences, the Chinese Academy of Sciences. U937 cells were cultured in RPMI1640 containing 10% fetal bovine serum at 37°C in a 5% CO 2 humidified incubator, counted and diluted to 5 ± 10 5 cells per ml, followed by transfer of 1 ml to each well of a 24-well tissue-culture plate.
U937 cells were incubated at concentrations of (0, 25, 50, and 100 mg / L) ox-LDL for 24 h. Then, U937 cells were incubated at 50 mg / L ox-LDL by addition of different concentrations of hemin (0, 0.1, 1, and 10 µmol / L) and ZnPP IX (0, 0.1, 1, and 10 µmol / L). IL-1β, TNF-α, IL-10, and HO-1 levels were determined in 24 h.
Western blotting analysis
The protein samples were dissolved and boiled in Laemmli buffer for 10 min. The protein concentration was estimated by a BCA protein assay reagent kit (Pierce Chemical Co., Rockford, IL, USA). The samples of 50 µg proteins were then separated by SDS-PAGE using 15% gels and transferred to polyvinylidene difluoride membranes (Bio Rad, Hercules, CA, USA) at 35 V for 16 h. After blocking with TRIS-buffered solution containing Tween 20 (TBST), the membranes were incubated with the primary antibody in TBST. Secondary antibodies in TBST were added for 2 h at room temperature. Bound secondary antibodies were detected using an ECL detection system (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Analysis of IL-1β, TNF-α, and IL-10 levels in cell medium by ELISA
The supernants were collected and used for the measurement of IL-1β, TNF-α, IL-10, and protein quantification after the cells were centrifuged at 1,000 × g for 10 min. ELISA procedures and the standard curve were the same as previously described (16) .
Statistics
All the experiments were formed as triplicate measurements in three parallel wells and the results were shown as the mean ± S.D. Statistical analyses of data were performed with Student's t-test for unpaired data in two trails.
Results
HO-1 and cytokine expressions induced by oxLDL in U937 foam cells
Our previous study has shown that macrophagederived foam cells can be obtained in vitro from U937 cells after incubation with oxLDL. The U937 foam cells were identified after treatment with 0.3% Oil red O, in which many red pellets were found in the plasma of the U937 cells (data not shown).
Cytokine levels of U937 foam cells were determined by ELISA kits. Expressions of IL-1β, TNF-α, and IL-10, as assessed by the respective protein level, in foam cells were significantly increased in a dose-dependent manner compared with control U937 cells. Especially, at the dose of 100 mg / L oxLDL, IL-1β, TNF-α, and IL-10 protein level increased to 41-, 25-, and 19-fold that of control U937 cells, respectively (Fig. 1) .
It has been shown that the time course for HO-1 expression can be up-regulated by oxLDL in macrophages ( Fig. 2A) . In the present study on U937 foam cells, associated with cytokines up-regulation, HO-1 protein expressions were enhanced by oxLDL in a dosedependent manner. HO-1 level was increased to 1.9-fold the control level when the cells were induced by oxLDL at the dose of 100 mg / L (Fig. 2) .
Effect of HO-1 activator hemin on secretions of cytokines in U937 foam cells HO-1 activator hemin was added to U937 foam cells in order to evaluate the role of HO-1 in macrophage- derived foam cell functions. It has been reported that IL-1β and TNF-α secreted from foam cells play central roles in inflammatory reactions in atherosclerosis. Therefore, we firstly determined the effects of hemin on the pro-inflammatory cytokines IL-1β and TNF-α levels. ELISA results indicated that hemin at doses of 0.1 -10 µmol / L exerted significantly inhibitory effects on pro-inflammatory cytokine expressions in U937 foam cells. At the dose of hemin 10 µmol / L, IL-1β level decreased 73% and TNF-α level decreased 75% compared to the control U937 foam cells ( Fig. 1: A and B) . In addition, we further investigated the effect of hemin on anti-inflammatory cytokine IL-10 levels. The supernatant was measured to determine IL-10 secretion in U937 foam cells by ELISA. Hemin at doses of 1 -10 µmol / L significantly increased the production of antiinflammatory cytokine IL-10 in U937 foam cells. The increase was particularly marked at 10 µmol / L hemin, which sharply increased IL-10 production by 2.9-fold (Fig. 1C) . These data confirmed that HO-1 activator hemin could enhance IL-10 levels in U937 foam cells.
Effect of HO-1 inhibitor ZnPP IX on secretions of cytokines in U937 foam cells
In contrast with the modulation effects of HO-1 activator hemin on secretions of cytokines in U937 foam cells, the role of the HO-1 inhibitor ZnPP IX in cytokine productions was analyzed. With the addition of ZnPP IX, neither the pro-inflammatory cytokines IL-1β and TNF-α nor the anti-inflammatory cytokine IL-10 was changed significantly compared with the untreated U937 foam cell group (Fig. 1) , although HO-1 was significantly inhibited by ZnPP IX. These data indicated that inhibition of HO-1 did not affect the inflammatory reactions in U937 foam cells.
Discussion
Our present results confirmed the anti-inflammatory roles of HO-1 induction in U937 foam cells through inhibiting pro-inflammatory cytokines IL-1β and TNF-α and enhancing anti-inflammatory cytokine IL-10. Of the three isoforms of HO identified, which exhibit differences in regulation and tissue localization (17 -19) , HO-1 is an inducible form that is transcriptionally upregulated by a variety of chemical or physical stressinducing factors such as heavy metals (20) , certain organic compounds (20) , hydrogen peroxide (21), heat shock (17), ultraviolet (UV) irradiation (21), cytokines (22, 23) , hypoxia (24) , hyperoxia (25) , as well as its substrate, heme (26) . Since coculture cells can further oxidize LDL during the incubation, newly formed oxidized LDL may evoke the HO-1 gene response continuously (27, 28) . The results in Fig. 2 also indicate that oxLDL can induce HO-1 expression in a dosedependent manner, which showed a direct response to the oxLDL trigger.
Macrophage-derived foam cells not only result in formation of fatty streaks, which are believed to represent the earliest type of atherosclerotic plaques, but also excrete numerous cytokines, which had the central roles in the inflammatory process of atherogenesis. Among the pro-inflammatory cytokines, IL-1β and TNF-α were considered to be the marker molecules in the inflammatory response in foam cells. Numerous studies also confirmed that serum IL-1β and TNF-α levels in all patients with coronary heart diseases were higher than those in controls. The direct down-regulation effects of these pro-inflammatory cytokines of the HO-1 activator hemin proved its definitive anti-inflammatory effects in atherosclerosis.
A number of investigations have shown that the antiinflammatory cytokine IL-10 is involved in the process of atherogenesis (29) . The inducible effects on IL-10 production of oxLDL, as well as the enhancing effects on IL-1β and TNF-α, may be a feed-back machanism in foam cell formation. The anti-atherogenic property of IL-10 is demonstrated in the vivo studies on dietinduced atherosclerosis in IL-10 deficient mice (30, 31) . The protective effects of IL-10 against atherosclerosis might be associated with suppression of pro-inflammatory cytokines, particularly of IL-1β and TNF-α, which are believed to play a central role in the atherosclerotic inflammatory process. The upregulation of IL-10 in macrophage-derived foam cells can block the synthesis of macrophage-derived cytokines, including IL-1β and TNF-α, and reduce cytotoxic activity of macrophages (32) .
It has been reported that the rapid nuclear translocation of Nrf2 and phosphorylation of p38MAPK, ERK1 / 2, and JNK are involved in the induction of HO-1 by moxLDL (33) . In this study, we focused on the effects of induced HO-1 on pro-and anti-inflammatory cytokine productions in foam cells. Although lots of other factors such as growth factors and adhesion molecules are induced after treatment with ox-LDL, we determined the representative pro-inflammatory cytokine TNF-α, IL-1β, and anti-inflammatory cytokine IL-10, which indicated a direct anti-inflammatory potency due to its ability to upregulate IL-10.
The effects of hemin in regulation of cytokines is related with its protective roles, which can directly inhibit inflammatory reactions in foam cells. Therefore, our present results suggest a new approach by activating HO-1 for altering inflammatory responses. Our findings also showed that the HO-1 inhibitor ZnPP IX has little effect on the cytokine levels in foam cells, indicating the complexity of the inflammatory regulation pathways. Since Jak / Stat (34), NF-κB, and MAPK (35) signal pathways all have direct regulating effects on cytokine expressions induced by oxLDL, it is reasonable that HO-1 inhibition has few effects on cytokine modulations.
